The potential for manufacturing a nonwoven preform for composites using blends of glass and low melt polyester or bicomponent sheath/core (polyester/polyethylene) fibers is demonstrated. Wet-lay webs were hydroentangled to form strong, flexible preforms that could be easily manipulated for the production of compression molded composites. An appropriate white water recipe for dispersing glass and binder fibers was critical to the formation of good quality webs. Optimal dispersion times were determined experimentally by examining the total number of defects present in hand sheet samples. To achieve the required web density, several wetlaid sheets were stacked and hydroentangled into a single sheet. This final sheet structure was subsequently heat pressed in a mold to achieve the final form. Forming temperatures producing binder fiber melting and a rigid uniform composite were selected.
INTRODUCTION
Experimental work described in this paper evaluates and explores the process of manufacturing composites from two distinctly different fibers (glass and the binder fibers) by using sequential wet laying, hydroenatnglement and compression molding processes. The glass fiber is blended with a thermoplastic fiber as a route to a preform material that could be easily shaped and molded into its final form without the need for a resin. Such composites are desirable because of their high strength, low cost and good fatigue resistance. Additionally, glass fibers have good impact strength, good chemical and corrosion resistance, good electrical resistance, low dielectric constant and good dimensional stability. Chopped fiber reinforced thermoplastic composites bridge the performance gap between injection molded and continuous fiber composites [1] . It is not surprising that glass fibers are used extensively in composites for automotive, aerospace and printed circuit board applications.
The conventional process used for manufacturing glass fiber wet-laid composites includes making a wet-laid sheet, drying it and subsequently forming a composite from this wet-laid sheet as a continuous process. Despite its cost effectiveness, this type of process lacks flexibility because the sheets can not be easily handled to form hybrid and other forms of composites.
We decoupled sheet formation from composite manufacture by using hydroentanglement to provide additional strength and integrity to the wet-laid sheets. glass fiber sheets were previously shown to possess strength to lend themselves to be transported, manipulated and stacked as needed to form the final composite [2] .
The most critical aspect of the sheet formation in the wet-lay process is fiber dispersion quality, especially when the fibers used are significantly different in their mechanical and surface properties [3] [4] [5] [6] [7] [8] [9] . Dispersion time must be carefully optimized to remove undispersed log defects which decrease with time and rope formation of dissimilar fibers which increase with time [10] . Hand sheet sampling techniques have been developed to quantify these rates [11] and were used in this study to optimize dispersion time.
EXPERIMENTAL APPROACH Raw Materials
Glass fibers were supplied by Owens-Corning Company. Our glass fibers had a nominal diameter of 6.5µ diameter and measured 6 mm (1/4 inch) in length. The binder fibers used were polyester (homocomponent) and bicomponent (PE/PET sheath core) fibers. The binder fibers had a nominal diameter of 15µ (1.5-3 dpf) and measured 6 mm (1/4 inch) in length. The bicomponent sheath-core fibers had a core of polyester and sheath of low melt polyethylene.
Dispersion and Composite Preform Formation
Optimal dispersion time for the following were determined: • 100% Glass • 100% Polyester • 100% Bicomponent • Glass/Polyester blends and Glass/Bicomponent blends Poor dispersion can result in various forms of defects. The two types of defects that are of concern are logs and ropes. Logs are bundles of fibers held together because of inadequate agitation or dispersion, while ropes are normally the result of excessive agitation. Generally speaking, these defects are affected by [11] :
1. Time 2. Speed of agitation 3. Amount of Fiber (consistency) 4. Type and amount of surfactant and antifoaming agent In our system, speed of agitation and the type of surfactant was kept constant. The chemicals added to water selected in consultation with Dow Corning and consisted of a surfactant, an antifoaming agent and a viscosity booster.
Image analysis was used to quantify both logs and ropes. We hypothesize that diameter of a log or a rope is n times the diameter of a single fiber (n being the number of fibers in a log or a rope). Logs have a length equal to that of a single fiber. Ropes are defined as a bundle of fibers entangled with one another with length greater than the length of the original single fiber.
The number of logs and ropes in an area measuring 100 cm 2 were determined at various dispersion times to ascertain the optimal time of dispersion for the system.
Orientation Distribution Function
The orientation distribution function (ODF) ψ is a function of the angle θ. The integral of the function ψ from an angle θ 1 to θ 2 is equal to the probability that a fiber will have an orientation between the angles θ 1 and θ 2 . The function ψ must additionally satisfy the following conditions:
The peak direction mean is at an angle θ given by
While the standard deviation about this mean is given by
The anisotropy of the ODF is typically measured by the Machine/Cross anisotropy parameter defined as:
However, a more proper anisotropy parameter f p can be defined, with the help of the ODF ψ. f p can be defined as:
The orientation anisotropy parameter varies between -1 and 1. A value for f p of 1 indicates a perfect alignment of the fibers parallel to a particular direction and a value of -1 indicates a perfect perpendicular alignment to that direction. f p is zero for a random assembly.
Fiber orientation distribution was analyzed by an image analysis system discussed previously [12] [13] [14] [15] . • Single hydroentangled sheets compression molded • 4 layers of hydroentangled sheets stacked and then compression molded
Compression Molding
• 8 layers of hydroentangled sheets stacked and then compression molded.
The reason behind stacking was to establish if the desired thickness of the product could be controlled by stacking layers of the single sheets.
The optimum residence time in the mold was set to be 15 minutes for the 4-layered samples and 25 minutes for the 8-layered samples. It was established experimentally that under our molding conditions, the materials began to degrade at higher residence times. The pressure applied was set to be 6000 psi.
Mechanical Testing
Our composites were tested for tensile strength on an Instron tensile testing machine. The sample strips, 25.4 mm (1 in) wide, were tested at a gauge length of 75 mm (3 in). The tensile tests were carried out at 100% extension rate. Five strips were tested at each angle. Figure 1 shows examples of log and rope defects. It will be recalled that logs are bundles of fibers held together, while ropes are bundles of fibers that are twisted together. As noted earlier, most fibers are inherently held together and form logs. Agitation is required to break apart these logs. Excessive agitation however, will lead to rope formation. This is an optimization problem where a balance must be maintained to reach the lowest levels of rope and log defects in the web. Figure 2 shows the number of ropes and logs as function of agitation time for glass fibers alone. It can be seen that the logs reach a minimum after about 15 minutes. Additional agitation beyond 15 minutes will give rise to an increase in the frequency of ropes. Note that due to the inherent stiffness of glass fibers, very few ropes are formed in the early stages of the agitation. This is in contrast to the more flexible PET binder fiber where log reduction is immediately accompanied by rope formation (see Figure 3 ).
RESULTS AND DISCUSSIONS Dispersion
It appears that logs reduce rapidly and reach a minimum at about five minutes for PET. Ropes however, begin to form immediately with agitation. Our bicomponent binder fiber showed a similar behavior. When mixed together in a ratio of 30/70 glass/PET binder, the dispersion behavior shows that optimal dispersion occurs with about five to six minutes of agitation (see Figure 4) .
Appropriate mixing times for all mixtures were determined experimentally following the procedure outlined above, with five minutes of mixing being adequate in most cases.
Web Anisotropy -Orientation Distribution Function
Wet laid sheets were hydroentangled and the hydroentangled sheets were imaged by using the special hardware developed by NCRC discussed previously [10] [11] [12] [13] . Typical fiber orientations are presented in Figure 5 for a single and a four-lay- The samples appear to be random and are therefore assumed to be isotropic in their properties. To ensure that this is indeed the case, the ODF was determined for all samples. In Figure 6 , we present the anisotropy ratio for all samples comprising Glass and PET binder fibers.
All appear to have an anisotropy ratio close to zero indicating randomness. A similar trend was observed for all other samples utilizing the bicomponent binder fiber. Given the isotropy of the structures, it was only necessary to test the samples in one direction. We chose the machine direction for all samples.
Mechanical Behavior
The effect of the addition of different contents of binder fibers on the tensile properties of binder/glass fiber composite was studied for a single sheet as well as a 4-layer and an 8-layer sheet. Only results for the 8-layer sheets are reported. The others followed a similar trend, and as expected, the properties improved with increasing layers. Figure 7 shows the failure stress values for both sets. These data suggest that the failure stress decreases with a reduction in the binder content (increase in glass fiber content). We attribute this to a reduction in adhesion. This is obviously important in molded thermoplastic composites as a reduction in binder fiber content will adversely affect the moldability of such composites. Note also that the bicomponent binder was consistently better than the PET binder fiber. The failure stress of the bicomponent binder system was consistently at least twice that of the PET binder system. This may have to do with the ease with which the bicomponent sheath can melt and flow to form a bond or that the properties of the unmelted core polymer remain intact and contribute to strength.
The secant modulus of the composites followed a similar pattern with the bicomponent system yielding consistently higher values.
4-Point Bending Test
Results of 4-point bending tests performed to determine the flexural strength of the composites are summarized in Figure  8 . Flexural strength of the glass/bicomponent system is again significantly better than that of the glass/polyester system. Table of Contents 
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